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PREFACE

This Final Technical Report, covering the period from 1 June 1979 to
1 May 1980, was prepared by the Aircraft Engine Quality Technology Section of
General Electric's Aircraft Engine Group (AEG), Cincinnati, Ohio, 45215,
under United States Air Force Contract No. F33615-79-C-5042. The work was ad-
ministered under the technical direction of Mr. Sidney Allinikov of the Non-
Metals Branch, System Supports Division, Air Force Materials Laboratory,
Wright Patterson Air Force Base, Ohio, 45433.

The Program Manager is Dr. S.L. Wakefield, Manager, Materials, Composites
and Processes Technology Programs. The program was under the direction of
Mr. R.R. Wagner, Manager, Visual NDT Systems. The major contributor was
J.M. Portaz of Visual NDT Systems, Principal Investigator.
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1.0 INTRODUCTION

1.1 BACKGROUND

Fluorescent Penetrant Inspection (FPI) is one of the most widely used
nondestructive inspection (NDI) methods within the Air Force Logistics Com-
mand's Air Logistics Centers and throughout the aerospace industry Many im-
provements in formulation of matertals and in processing have been made over
the years, but the basic process has remained the same. Parts are cleaned
and dried, a fluorescent penetrant oil is applied and allowed to remain in the
part for a specified time, the excess penetrant 1is removed, the part 1s dried,
a developer 1s applied, and, finally, the part i1s inspected under black light.
Proper control over each step of the process is required to obtain the most
satisfactory results. Any improvement in the process that would provide for
better control and/or reduced processing time while still maintaining or im—
proving sensitivity would be of benefit to all users. The development of a
powder penetrant by the Air Force Materials Laboratory represents a potential
unique change in the penetrant process that has the possibility of providing
such benefits.

1.1.1 Discussion of FPI Variables

There are many variables associated with the FPI process. It 1s important
to understand the effect of each of these 1n order to determine the impact of a
significant change in the process such as that represented by the use of a
powder penetrant. In the following paragraphs each of the major process vari-
ables will be discussed relative to the potential effects that a powder pene-
trant was expected to create.

Part Surface Condition - As a result of the prior history of the part
the surface condition will vary widely. Sand casting, for example produces
rough surfaces which have the result of making excess penetrant removal quite
difficult. Structures that are positioned in the gas stream of a jet engine
or are exposed to high temperatures frequently have the surfaces roughened
so that the same problem is encountered. In the conventional penetrant pro-
cess 1t is necessary to control the penetrant removal very carefully so that
excess penetrant is removed to the extent that nonrelevant indications due to
penetrant trapped in pockets of surface roughness are kept to a minimum. At
the same time the removal process must not be so aggressive that penetrant
will be removed from the defects that are being sought.

A dry penetrant powder should have the advantage of not adhering to a sur-
face simply because it is rough since there is no surface "wetting" as that
which 1s experienced with a liquid penetrant.
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At the opposite extreme of surface conditions 1s the highly polished
surface. Thas surface has the effect of making 1t difficult for the liquid
penetrant to adhere for the full required dwell time. Thus penetrant may
cecede from areas that contain defects before 1t has time to be drawn into
them and the defects will not be found. Again, since the powder penetrant
does not rely on wetting and capillary action to enter a flaw 1t should have
had potential advantages.

Part Material - In addition to the surface condition of a part the ac-
tual material from which 1t is made can affect the FPI system's effectiveness.
The praimary alloy bases used 1n the ailrcraft industry i1nclude magnesium, alumi-
num, 1ron, cobalt, nickel, and titanium. GE-AEG has performed studies to
measure capability of different pentrant processes on most of these alloy
bases. It has been demonstrated at a high level of statistical confidence
that there 1s no difference in a given process’' capability when used on nickel-
or iron-base alloys for example. Conversely, 1t was also demonstrated that
the 1dentical processes were significantly less capable of detecting flaws on
a titanium-base alloy. This phenomenon appears to be related in part to the
wetability differences between the alloys since surface finish was identical
on all test specimens.

Since the powder penetrant process would not rely on wetability to detect
flaws 1t could have an advantage over the conventional process.

Precleaning - A key element in the FPI process that affects reliability
1s the precleaning of parts and their surface preparation. Methods of cleaning
will be determined by the history of the part and may differ significantlyv be-
tween newly manufactured parts and engine run parts. Both part categories may
require detergent steam cleaning, vapor degreasing, grit blasting, ultrasonic
cleaning or acid etching. In addition engine run parts mayv also require the
use of desmutters, derusters, descalers, and fluoride 1on cleaning. In asses-
sing the effectivnesss of a cleaning procedure 1t 1s i1mportant to determine
that it not only provides a clean appearance but also does 1n fact remove 1n-
terferring matter from defects. It 1s equally 1mportant that the cleaniny
method does not of 1tself mask over defects.

Good cleaning methods will still be required to achieve the benefits of
powder penetrants.

Penetrant Dwell Time - The basic mechanism that lies behind the use of
conventional FPI 1s the ability of a liquid to be drawn 1nto a narrow opening
through captllary action. When a flaw 1s very tight the rate at which a pene-
trant enters is apparently severelyv reduced. Thus lengthv dwell times are {re-
quently required on parts that are subject to flaws of this nature. When large
quantities of parts are being processed long dwell times can require special
storage and handling factlities 1n order to provide sufficient dwell time.

The use of a powder penetrant of the correct particle size might elimi-
nate the necessity for dwell time since a flaw opening should be completely
filled immediately upon application of the powder.
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Excess Penetrant Removal - After a penetrant has had sufficient time to
enter a flaw the excess must be removed from Lhe surface of a part so that the
flaw alone will fluoresce during inspection and be readily detectable against
a nonfluorescing background. Present liquid penetrant systems are removed byv
water alone 1f the formulation 1s a water washable one or by emulsification or
hydrophilic removal 1f 1t 1s a post emulsifiable type penetrant. In eirther
case the removal process must be performed under carefully controlled conditions
to achlieve complete excess penetrant removal without removiny penetrant from
the flaws. This requires control of several variables tnclucing emilsifier or
remover concentration, the time of contact with emulsifier/remover, the tem-—
perature of the fluids, the pressure of removers and rinse water 1s they are
sprayed on, and the length of tte water rinse time.

Since the AFML feasibility studies have indicated that pcwder penetrant
particles are firmly wedged i1n tlaw openings but not tightly adherent to the
overall surface of a part, this should facilitate removal of the excess pene-
trant.

Part Drying ~ The present conventional penetrant process requires a dry-
Ing step since water 1s used 1n all mass production applications. Drving 1s
required to remove excess molstire prior to developing 1f a dry powder 1s used
or after developing 1f a water s>luble developer 1s used. Studies conducted
by GE-AEG have shown that both tne drying temperature and time must be care-
fully controlled or fluorescent brightness of i1ndications will be diminished.

A dry penetrant powder that could be removed by a dry process would elimi-
nate the need for a drying step in the penetrant process.

Developers - Developers are employed in the conventional penetrant process
to draw penetrant from indicatiouns so that they will fluoresce more brightly
while still retaining their basi. shape and thus be more visible to the 1in-
spector. A developer 1s required to immprove visibility of flaws b.cause 1n
the conventional process some of the penetrant 1s usually removed ‘rom the
flaw opening during the emuls:fication and rinsing procedures. Dr- powder
developers consisting of fineiy divided absorbent particles are used 1n most
aerospace applications. Aqueous wet developers which are either solutions or
suspensions in water of materials that are highly absorbent after drvine are
usually used where less sensitivity is required. A nonaqueous wet develcper
(NAWD) consists of highly absorbent materials suspended 1n an organic solveal
and 1s used when surface roughness allows and when the highest level of sensi-
tivity is required. Improved seusitivity is accomplished with the NAWD since
the carrier fluid is an organic ;olvent that briefly contacts the penetrant
1n a flaw, mixes with it, and subsequently draws 1t to the developer particles
on the surface. Selection of the type of developer to use depends mainly on
the criticality of the part being inspected as well as the antic:pated diffi-
culty of detecting flaws which are not likely to occur on the part. The ultra
high sensitivity achieved by NAWD 1s not always necessary when inspecling air-
craft engine parts and 1n some cases may not be desirable due to the higher
level of fluorescent background which NAWD causces on rough surfaces,




Since a penetrant powder will be held at the surface of a flaw after 1t
ts5 applied and will not be removed during the excess penetrant removal pro-
cess there would be no need for a developer under most circumstances. However,
1t 18 possible that sensitivity of this system could be improved even further,
1f desired, by using a developer that would dissolve the powder penetrant cap-
sule wall and broaden the indication to create a larger area of fluorescence
and thus make 1t more visible.

1.2 OBJECTIVE

The purpose of this program was to evaluate the merits and shortcomings
of encapsulated penetrants, (penetrant powders) with the objective of demon-
strating equivalence of such a penetrant powder system to a conventional MIL-1-
25135 Group VI penetrant system. The initial emphasis was directed toward the
evaluation of penetrant powder process variables in order to establish a simu-
lated production mode procedure. Later work was directed toward comparison of
the penetrant powder system with a conventiona' penetrant system 1n a simulated
production mode penetrant inspection line.

1.3 SCOPE

This T month technical effort wis expected to result in inproved knowled:
and understanding of a powder penetrant system that had been developed by the
Air Force Materials Laboratory {(AFML). This improved knowledge was used to de-
fine the powder penetrant process capability and procedures for use of a powder
penetrant system in a production line mode of operation. Consideration was
given to the applicability of this new system to inspection of engine-used
hardware as well as newly manufactured hardware.

The program consisted of four phases. The primary emphasis of Phase I
was to demonstrate the sensitivity of penetrant powders using MIL-1-25135 sen-
sitivity groups as a frame of reference, Phase Il was directed toward develop-
ment of powder application techniques. The emphasis of Phase III was on excess
penetrant powder removal techniques. Finally, 1n Phase IV, the penetrant pow-
der process was compared with a conventional penetrant process 1n a simulated
production inspection line mode.

1.4 PROGRAM APPROACH

l.4.1 Phase | - Demonstrate Powder Penetrant Sensitivity

In Phase 1, GE was i1nvolved 1n tasks related to the selection and screen-—
ing of candidate materials for microencapsulation, preliminary production of
microencapsulated materials, and finally, the measuring of the sensitivity of
a microencapsulated fluorescent penetrant inspection system. In selecting
candidates t r encapsulation since the microencapsulated penetrants do not
need to exhibit the typical characteristics associated with liquid penetrants
such as wetability, primary consideration was given to brightness and ease of
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encapsulation. Since 1t 1s possible that the sensitivity of the penetrant
process could be further improved through the use of materials that fluoresce
more brightly than currently available penetrant formulations other materials
such as penetrant concentrates and single fluorescent dyes were evaluated.

Prior to actual demonstration of the sensitivity of the microencapsulated
penetrants 1t was necessary to evaluate the effects of varying capsule para-
meters. To do this laboratory quantities of microencapsulated penetrants were
manufactured consisting of two different penetrants, two size ranges, and two
wall thicknesses.

After evaluation of application, removal and developer techniques as de-
fined 1n Phases Il and IIl of this program the sensitivity of the microencapsu-
lated penetrant was measured. The measure of sensitivity was based on perfor-
mance of the microencapsulated penetrant on 16 low cycle fatigue Inconel 718
and Titanium 6~4 test specimens supplied by the Air Force as well as on actual
engine hardware with varying types of discontinuities. These results were com-
pared with the conventional MIL-1-25135 Group VI liquid penetrant on the same
test specimens in 1ts normal mode of application.

1.4.2 Evaluate Application Techniques

The microencapsulated penetrant produced during Phase I was used for
evaluation of application techniques. Due to time constrictions these tech-
niques were limited to pressurized methods since these held the most promise
for success. Variables included 1n the evaluation were spray distance and
pressure, 1mpingement angle, capsule size and wall thickness, spray pattern,
spray time, and clectrostatic versus conventional spraving.

(ne of the most attractive potential features of a microencapsulated pene-
trant system was the possibility of nearly 100% recovery and reuse of the
overspray. Methods of recovering the overspray were 1nvestigated concurrently
with the task to evaluate application techniques.

As a result of the application technique evaluation and the sensitivity
evaluation a decision was made to produce a particular type and size of micro-
encapsulated penetrants. A pilot lot of microencapsulated penetrants was pro-
duced both as a test of the encapsulation process to produce a consistent
material and to provide sufficient material for later production mode line
testing. This was nade to a specification based on the results of Phase 1
evaluation and prel minary production experience.

1.4.3 Evaluate Removal and Developer Techniques

Although the microencapsulated penetrant system essentially uses a dry
material some particles do adhere to the surtace of test arts and create an
objectionable background fluorescence. This adherence 1s due to various
factors 1ncluding capsules bursting and releasing oil, compacting of the

.




particles and electrostatic forces, This excess fluorescent matertal must be
removed in order to produce an acceptable surface for inspection. In Phase 111
of the program, CE performed an evaluation of various removal techniques in-

cluding high pressure air, solvent dipping and brushing, and detergent dipping
and brushing.

Developers are used 1n conventional systems to draw out penetrant from
flaws and broaden the indications so that they are more readily detectable by
an 1nspector. Mcroencapsulated penetrants were not expected to respond to
developers in the usual mode of application since no fluid 1s present. Devel-
oping methods concentrated on ways of drawing the liquid penetrant from the cap-
sules.

1.4.4 Process Demonstration

Phase IV included the demonstration of both conventional liquid and micro-
encapsulated penetrant processes 1n a simulated production mode. The i1nspec—
tton rate capability, plus the estimated cost of i1nspection per part, was de-
ﬁ termined. Environmental and health consequences of the microencapsulated pene- ;
trant technology were assessed from the standpoint of the project itself and of '
future scale up to production quantities.
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2.0 DEMONSTRATE SENSITIVITY

2.1 SELECT CANDIDATE MATERIALS FOR ENCAPSULATION

2.1.1 Introduction

e g e e

The first major task of the program was to obtain samples of liquid fluo-
rescent penetrants and other fluorescent materials to use as candidates for
encapsulation. It was anticipated that the penetrant that was encapsulated
would also be used in its conventional liquid form for comparison of sensi-
tivity and in the production line comparison. A primarv criterion for selection
was therefore a combination of high fluorescent brightness and excellent re-
movability. However, since conventional removability would not be a factor

i in its use as an encapsulated material, brightness was an overriding factor.
‘ Further, the encapsulating process itself is facilitated if the material
contains little or no surfactants.

With the above mentioned criteria in mind, each of the major penetrant
manufacturers who serve both the domestic and foreign aircraft industry were
contacted for recommended candidate materials. These manufacturers included
Uresco, Met-1-Chek, Brent Chemicals (Ardrox), Magnaflux, Turco, Sherwin, and
Oxy Metal Industries (OMI). Discussions were held with knowledgeable person-
nel of these companies and candidate materials were selected for preliwinary i
brightness and encapsulation tests. Of the seven manufacturers that were
contacted all but one responded with samples of penetrant material. Pene-
trants received were Sherwin Products' RC77, Ardrox's 985P3, Turco Products'

P60B, Oxy Metal Industries' P6F-4, Met~L-Chek's FP-97, and Magnaflux's ZL22C
and ZL30A.

The purpose of selecting additional matertials is to explore the possi-
bility that a brighter penetrant, and therefore a more 'seeable'" penetrant,
might be manufactured in the encapsulated form than is possible in the con-
ventional liquid form. A major problem in increasing the brightness of con-
ventional penetrants is the inability to keep high concentrations of fluo-
rescent dye in solution while maintaining wetabilitv and removeability charac-
teristics. Since wetability and removeability should not be factors in the
use of encapsulated penetrant the usual constraints on dye concentration would
not he felt. At the same time that penetrant suppliers were contacted for
candidate conventional materials, the subject of concentrates was also re- '
viewed. Response to this request was much less enthusiastic. Only three 4
manufacturers supplied samples. Materials received were Sherwin Products'
LAB-B913 concentrate, Met-L-Chek's FP-97 concentrate, and Brent Chemicals
Corporation LT79/9/144. However, this last sample was received too late and
in too small aquantity for original brightness measurements and encapsulation.




2.1.2 Encapsulating Ability

All initial work on developing a technique for encapsulating fluorescent
penetrants as well as all of the preliminary laboratorv production of encapsu-
lated penetrants was performed by Capsulated Systems, Inc., Yellow Springs,
Ohio. This work was initiated and supported by the llnited States Air Force
Materials Laboratory. Approximately half way through the program the Air
Force program manager, S. Allinikov, identified a second vendor (Djinni Indus-
tries, Dayton, Ohio) whom they felt could produce encapsulated penetrants of
sufficient quality for our purpose.

A key factor in determining which penetrants to use for encapsulation
1s the ease of encapsulation. It was known from discussions with Capsulated
Systems that the ease with which a material encapsulates is dependent on its
composition. The following fluorescent materials were submitted to Capsulated
Systems, Inc. for encapsulation.

BIO-PEN~P6F-4

Zyglo ZL-22C and ZL30A

Dubl-Chek HM-607 and RC-77

Dubl-Chek Lab. B913 (concentrate)

Ardrox 985P3

Met-L-Chek FP-97 and FP-97C (concentrate)
Fluro-Check P60B

0f these, only Zyglo ZL-30A and 2L22C, Met-L-Chek FP-97, and Dubl-Chek
RC~77 were encapsulated successfully.

In the encapsulation process an emulsion is first made wherebv the pene-
trant is suspended in droplets of the required diameter. The encapsulation
media is then introduced and forms a covering around the droplets. The prob-
lem with the materials that did not encapsulate successfully was that the
droplets formed were either too large, or if small droplets did torm, they
would quickly coalesce to form larger droplets. Capsulated Svstems proposed
that with additional experimenting these materials could be successtully en-
capsulated; however, the cost would be greater. Due to constraints of pro-
gram timing and cost this was not pursued any turther.

Approximately half way through the program Djinni Industries did vacapsu-~
late a single fluorescent dye from Da~Glo. Although it was not in suftficient
quantity to spray and was too late in the program to effectively evaluate,
the fact that materials other than penetrants can be encapsulated leads to the
possible formulation of much cheaper, brighter, and versatile fluorescent
penetrants.

2.1.3 Brightness Measurements

An important factor in selecting a Group VI penetrant for encapsulating
was a high fluorescent brightness. Since the penetrant is to be encapsulated
other factors such as removability and wetability were not considered mean-

ingful.




Using an IL700/760/780 Spectroradiometer System from International Light
the intengity ot light emitted by the penetrants was measured at wavelenpths
from 2500A to BOOOA in 100A increments. This range includes
the upper ultraviolet, the visual and the near infrared regions. The test
specimen was a |.5-inch diameter shallow container with approximately a 1/8
inch layer of encapsulated material completely covering the bottom. llltra-
violet lamp output measured at test specimen with a J221 black ray meter was
held constant at 1000 microwatts per square centimeter. Distance from speci-
men to lens was six inches. A setup of the system is illustrated in Figure
1. Results for each penetrant successfully encapsulated are illustrated in
Figures 2 through 7. It is interesting to note the similarity of spectral
distribution for all the encapsulated materials., This may imply that all
major penetrant manufacturers use the same basic dye or combination of dyes.
The reason for this may be that this dye or dyes provide adequate brightness
and have the capability to be easily put into a solution containing the
required characteristics of a fluorescent penetrant, i.e., wetability, vis-
cosity, surface tension, removabilitv, cte. Since these restraints do not
apply to encapsulated penetrants, there is the possibility of encapsulating a
dye that has superior brightness but which lacks other requirements necessary
in liquid penetrants. The table below lists the maximum brightness in the
visual range of cach penetrant after encapsulation.

ZL-30A (Batch 80-9) 675 x 10710 W/cml
2L-30A (Batch 80-25) 460 x 10710 w/«'m:
71.-22C (Batch 80-27) 584 x 10710 w/«m“’
RC-77 (Batch 80-26) 323 x 10710 w,’cm:
FP-97 (Batch 80-21) 317 x 10710 W/«m“
FP-97 (Batch 80-2Z8) 298 x 10710 w/vm?'

The difference between batches 80-9 and 80-25 of the ZL-30A and 80-21
and 80-28 of the FP-97 is that batches 80-25 and 80-21 were encapsulated by
a different process which would make the capsules more impervious. However,
in the case of the ZL-30A it also significantly reduced the brightness of the
penetrant.,

Spectral distributions of liquid unencapsulated ZLIOA is shown in Figure
8. As can be seen, the response of the liquid material is similar to that of
the encapsulated material in al]l regions except this intrared where the encap-
sulated material peaked at 7600A and then declined in brightness. Spec-
tral distribution of all other liquid materials tested was similar to that of
7ZL30A with the only difference being the brightness magnitude. There is a
significant drop in the brightness of the encapsulated materials when compared
with the unencapsulated materials; however, ne attempt should be made to di-
rectly compare rvesults since two different methods were required to hold the
liquid and encapsulated materials. The test specimen for the liquid material
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was a 5.5 ¢m filter paper with four drops of penetrant that were allowed to
spread evenly. That for the encapsulated material has been previously de-
scribed.

2.2 PRELIMINARY PRODUCTION

Based on encapsulating ability and brightness two penetrants were se-
lected for further evaluation. These were ZL-30A and RC-77. ZL-30A dis-
played the best brightness characteristics of the penetrants encapsulated and
was chosen for that reason. There was a difference in the manner that ZL-30A
and ZL-22C versus RC-77 and FP-97 were encapsulated. RC-77 and FP-97 micro-
encapsulated as single droplets, 1-5 microns, with little aggregation. Pene-
trants ZL-30A and ZL-22C formed small, loose apgregates, 2-8 microns in size, ‘
after microencapsulation. Per Capsulated Systems, Inc., the flowability of
both ZL-30A and ZL-22C was much better than either RC-77 or FP-97. Thus, the
selection of ZL-30A and RC-77 provided an opportunity to look at and evaluate
the effects of brightness and flowability on the sensitivity of microencapsu-
lated penetrants.

To evaluate the effect of capsule size on sensitivity, the two penetrants
were requested to be encapsulated in a diameter range of 2-5 microns and 20-40
microns. Two microns is the smallest that the penetrants could be encapsu-
lated without having to be suspended in a water vehicle. Twenty to 40 microns
was ostimated to be sufficlently larger to provide a pood evaluation of the
effect of capsule size. The range of capsule diameters actually received from
capsulated systems was | to 4 microns with three microns being the average
for the small diameter capsules and 5 to 35 microns with 2( microns being the
average for the large diameter capsules.

Capsule wall thickness was expected to have a significant effect on sen-
sitivity of encapsulated penetrants. Thin-wall capsules aithough more »rone
to breakage should also be more flexible, allowing them to penet-ate cricks
smaller than the diameter of the capsules. Thick-wall capsules #lthoug: less
{lexible would also be less prone to rupture. To evaluate the effect ol cap-
sule wall thickness each of the large and small diameter capsules were manu-
factured with a thin and thick wall. The size of the wall is determined by
the diameter of the capsule, thus, a thick wall for a small diameter capsule
would be significantly smaller than for a large diameter capsule. The 2 to 4
micron capsules manufactured by Capsulated Systems had a thin wall of 0.074
microns and .. thic wall of 0.09 microns; the "0 to 40 micron capsules had a
thin will of 0.46 nicrons and a thick wall of 1,61 microns. Diameter of cap-
sules ras measured by the vendor using a microicope in coniunction with a
grid. Capsule wall thickness is basically a calculated value and is dependent
on the capsule diameter and the ratio of core material to vall material. The
cquation for calculating wall thickness is
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1
T=B~-4A4=B(1l -
<(pR-1 + 1)173>

Where B = Capsule radius
A Core radius
PR Volume ratio of core to wall

2.3 SENSITIVITY MEASUREMENTS

2.3.1 Introduction

Following the manufacture of laboratory quantities of encapsulated pene-
trants, methods of applying, recovering, removing, and developing the encap- i
sulated penetrants were evaluated. These will be described in sections three
and four. This led to the determination of the effect of process variables
on the sensitivity of an encapsulated penetrant system. Knowing these «f-
fects it was possible to measure and compare the sensitivity of an encasu-
lated penetrant system with a conventional liquid penetrant system. To de-
termine repeatability of the process each test was conducted three time:.

2.3.2 Selection of Test Specimens

Specimens used 1n measuring the sensitivity of the processes consisted
of the engine run and new production airfoils which were used throughout the
program for evaluating application and removal techniques. Also used to de-
termine sensitivity of encapsulated penetrants were the 16 low cycle fatigue
test specimens that the United States Air Force Materials Laboratory uses to
qualify MIL-I1-25135 Group VIA and VIB penetrant svstems. Eleven of these
blocks are Inconel 718 and five are Titanium 6-4. All blocks have only one
crack except for serial numbers 99 which has two and 94 which has three.
Crack size ranges from approximately 0.010 inch to 0.100 inch.

In selecting the airfoil specimens for use in the program consideration
was given to the following factors: material, engine tvpe, size cof defect,
type of defect, surface condition, and manufacturing processes. Candidate
sarts were fluorescent penetrant inspected via the conventional liquid method.
Fifteen specimens were selected for use in the program. These consisted of
the following:

TF34 Compressor blade rough forgings (2) !
TF34 Compressor blades finish machined (2)

TF34 Stage 2 High Pressure Turbine blade - Engine Run

J79 Stage 1 Turbine blade

J79 Stage 2 Turbine blade

TF39 Compressor vane

TF39 Compressor blade

TF39 Stage 2 High Pressure Turbine blade

TF39 Stage | High Pressure Turbine blade (2) - Engine Run
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FI0L Compressor bhlade
Fine cracked chrome panel -FY7424
Coarse cracked chrome panel -C1273

Materials represented by the above hardware include nickel-base cast-
ings, and titanium and Inconel forgings. Indications included grinding
cracks, fatigue cracks, microshrinkage, forging laps, and cold shuts. Size
of Indications ranged from 0.010 inch to 1.00 inch.

e g e e

2.3.3 Systems Compared }

In qualifying a fluorescent penetrant svstem the candidate materials
must be tested back-to-back, using the same specimens, with a baseline
penetrant system which has already been qualified for that particular group.
Since ZL30A was used as an encapsulated penetrant and since ZL30A had already
been qualified as a 4IL-1-25135 Group VIB penetrant, it was decided to use
this as the baseline system., All parts were inspected three separate times
using 7ZL30A penctrant with a dwell time of 30 minutes, a one minute prerinse
with 60° F water at 20 psi, and a 30 second agitated dip in 5% solution of
ZR10A remover. Parts were then post-rinsed using 70° F water at 40 psi and
dried in a 150° F oven for approximately 15 minutes. D&499C developer wis
then applied and parts inspected following a seven minute dwell time. To
assure all oil from discontinuities was removed after each inspection tihe
parts were placed in an ultrasonic cleaning tank containing 1-1-1 trichloro-
ethane for a minimum of one and one-half hours. Ultrasonic agitation wais
used for 45 minutes of this total time.

Based on results from Phases Il and 1II of the program where application,
removal and developer techniques were evaluated the following parameter: were
used to measure the sensitivity of encapsulated penetrants: encapsulat.d
ZL30A penetrant, 20-340 micron diameter, thick wall, 80 psi spray pressu-e,
two inches from spray gun to part, direct spray, and a wide spray patte n.
Excess penetrant was removed from the surface of the part by wiping with a
mild detergent solution and rinsing with 70° F water at 40 psi. Parts were
then dried in a 150° F oven for approximately 15 minutes. D499C developer
was then applied and parts inspected. A DeVilbiss MBC spray gun with a MBC-
496-C fluid needle and an AV-641-AC air cap was used to spray the encapsulated
penetrant on the parts. To assure that all capsules were removed from the
discontinuities the parts were submerged in a bath of methvl alcohol for ap-
proximately one hoiur. Methyl alcohol breaks down the capsule walls making .
penetrant removal possible. To further assure that no forcign substance was 4
left in the discontinuities the specimens were then ultrascnically cleaned
with 1-1-1 trichloroethane for one-half hour.

2.3.4 Statistical Results

Tables | and 2 summarize the data for both the low cycle fatigue blocks
and the airfoil specimens. Photographs of indications found by the encapsu-
lated penetrant method are included in Figures 9 through 39,




In the low cycle fatigue blocks, the conventional ZL30A liquid penetrant
process found a total of 55 out of a possible 57 finds and the encapsulated
ZL30A penetrant found 56. Both misses by the liquid process and the one miss
by the encapsulated penetrant process were of the same defect. When this de-
fect was found it only measured a length of 0.010 inch. With the airfoil
test specimens, the liquid penetrant process found 58 and the encapsulated
penetrant 59 cracks. This difference of one missed indication in each in-
stance is not statistically significant and, thus, based on crack detection
there is no difference between liquid and capsulated penetrant sensitivity.

Table 1. Indication Size of Liquid Versus Powder Penetrants,
BASELINE POWDER PENETRANT
BLOCK ZL30A - ZR10A - D&9yC ZL30A - L0-40 - Thuick Vall
S/N Material Run #1 Run #2 Run #3 Run #1 Run #2 Rua #3
73 Inco 718 .090 .090 .080 .090 .080 L0830
6 Inco 718 .030 .035 .030 .030 .030 030
93 Inco 718 .080 075 .075 .080 .075 L 080
61 Inco 718 .070 .065 .060 .060 .060 000
19 Inco 718 045 <OhS5 045 .OL45 .05 Lo0hs
86 Inco 718 .090 .090 .090 .090 .090 010
77 Inco 718 .075 .090 .080 .080 .080 .0.5
67 Inco 718 .085 .090 .090 .080 .090 000
13 Inco 718 .015 .015 .015 .015 .015 .015
83 Inco 718 .075 .080 .075 .075 .075 05
37 Inco 718 045 LOLS .045 .0L5 .045 05
83 Ti 6-4 .075 .070 .075 .075 .075 .05
45 Ti 6-h .030 .030 .030 .030 .030 .00
17 Ti 6-4 .015 .015 .015 .020 .020 L0000
99 Ti 6-4 .030 .030 .030 .030 .030 L0
.030 .030 .030 .030 .030 L0350
94 Ti 6-4 .045 .030 +)50 .050 .050 050
.015 .015 .015 .015 .015 .015

.010 - - .010 .010 -

— -



Table 2, Indication Size of Liquid Versus Powder Penetrants,

PART BASELINE POWDER PENETRANT
S/N Run #1 Run #2 Run #1 Run #2
I .030 .030 <030 .030
5 .020 .020 020 .020
1 . 300 « 300 .30 .28
3 030 .020 .020 .020
045 045 045 045
12 1.00 1.00 1.00 1.00
.65 65 .70 .70
10 .30 .30 <30 .30
14 4O AL 40 40
L0 e 40 RN
L5 .20 .20 <20 .20
045 045 L0060 045
- .0kS JOLS .030
2h .25 <20 <26
A7 Ll 45 46 -
.35 .30 « 30 .32 i
.20 .20 .20 <20
16 060 <060 045 ~OL5
.020 .020 .030 .030
.030 .030 .020 .020
L015 010 .010 .01V
LOU5 L0445 .030 030
17 L030 .030 .030 .030
L0h5 LOh5 045 045
.020 020 .02) .020
.030 030 .03) .030
. 220 .220 .22) . 220
7 .80 .80 .80 .80
'8 <250 .250 <250 .250
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3.0 APPLICATION TECHNIQUES

3.1 EVALUATE APPLICATION TECHNIQUES

3.1.1 Select Statistical Experiment Design

In selecting the statistical experiment design for evalution of th.
various capsule and spary parameters consideration was given to optimizing the
number of variables that could be effectively evaluat'd yet keep the amount of
testing at a level where it could be accomplished within the program cost and
time constraints. It was decided that a two level fractional factorial experi-
ment design would best satisfy the needs of the program. A simple representa-
tion of the testing involved in a two-level fractional factored experimcnt i:
illustrated in Table 3. This experiment design allows a complete evalu:.tion
of the effect of eight factors and 13 two factor interactions. Interactions
measured were between capsule diameter and all other factors and between spray
pressure and the other seven factors. The resolution number of four li:sted in
Table 3 refers to this fact that all of the primary factors and part of 1h
interactions can be measured. A resolution of five is the nighest with all the
primary factors an’ all the resolutions being measured. Th: numbers -1 and |
in the table ident fy the value of each r‘actor being used fr a particular
test. For example, in identifying the diameter of the capsiles those having a
2-5u diameter were designated -1 and those with a 20-40yu di meter were desiy-
nated as 1. Due to the fact that 10 variables were identified as unwarrant ing
evaluation the fractional factorial experiment was conducted three times.

Thus each of the 15 airfoil tests specimens was inspected a total of 96
times.

3.1.2 Select Variables

Selection of variables for evaluation was done in conjunction with seclec-—
tion of the :tatistical experiment design. As the number ¢f factors belicved
to have an etfect on the encapsulated penetrant application process increased 4
it becaie evident that a fractional factorial experiment design was required
in orde - to keep the effort within the time scope of the program. Even with
a fractional factorial experiment design not a | facturs identified were eval-
uated, to do so would have required a much lon.er period of time than was
originially scheduled. However, attempts were tiade to gain information on the
effect of th se factors, such as sprav nozzle iize ard material ‘eced cup
pressure, on the sensitivity of the p ocess. The fa tors selected for cvalua-
tion will be discussed in the following paragraphs.

In Section 2.2 of this report in discussing the preliminary production of
encapsulated fluorescent penetrants, the three capsu e parameters tha' wers

believed to play an important role in the sensitivit: of the encanaalated
penetrants were discussed. Thege factors were penet-ant |, size of capralen
and capsule wall thickness. Since a two-level fract onal factorial cxperiment

HE!
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design was selected this imposed a limit of only two values for cach factor.
As discussed in detalil in Section 2.2 the penetrants encapsulated were ZL30A
and RC-77 with a capsule diameter of 2.5 microns and 20-40 microns and both

a thick and thin wall,

From preliminary work done at the Air Force Materials Laboratory it was
known that spray pressure and the distance from spray gun to part had a sig-
nificant effect on the sensitivity of the process. To select the two values
of these parameters which were to be used in the fractional factorial experi-
ment, preliminary investigation was performed. This involved spraying encap-
sulated penetrants on selected airfoil test specimens varying the pressure
and distance. Although this was not a statistically designed experiment it
became obvious that when the distance from the part to the spray gun was
greater than four to six inches, even at high spray pressures (80 psi), the
sensitivity was reduced. This, however, was also dependent on the size of the
capsules. For the small diameter capsules the sensitivity was reduced with a
distance greater than one to two inches. Therefore, two sets of values were
selected that would allow us to effectively evaluate both the small and large
diameter capsules; these were 1/2 and 1 inch, and 2 and 4 inches. This meant
that the fractional factorial experiment had to be conducted twice.

Preliminary investigation also revealed that even at a small spray gun to
part distance the sensitivity of encapsulated penetrants decreased with spray
pressures below 40-50 psi. Thus, for most testing spray pressures of 60 and
80 psi were used except, as will be discussed later, when using the DeVilbiss
EHP-603 powder spray equipment when pressures of 30 and 50 psi were used.

Other variables selected for evaluation included spray pattern, spray
time, and electrostatic versus conventional spray. A small spray pattern or
area was achieved in the conventional spray gun by closing the spreader valve
such that the spray emitted by the gun was not effected, in the powder spray
system this was achieved by setting the low vortex pressure at 0 psi. A larpe
spray pattern or area was similarly achicved by setting the spreader valve at
approximately three—quarters and in the powder spray system by setting the
high vortex pressure at 30 psi.

Spray time is defined as the length of time a particular scection ot the
part is being spraved. When this time is complete the pun is moved to another
section of the part and spraved for a particular length of time. 1t does not
refer to the total time required to completely sprav a part.,  Sprav times so-

lected were one and two seconds,

3.1.3 Select Equipment

As with selecting candidate materials for encapsulation, the first task
in selecting candidate spraying equipment was to contact the various manufac-
turers of spray equipment, then identify the material to be spraved and
receive their recommendations as to what would best satisiy the requirements,

The following manufacturers were contacted: Binks, DeVilbiss, Craco, Parsche,
and Aro. Of these the only one who responded positively was DeVilbiss, Thev
suggested the EHP-603 Electrostatic Hand Powder Spray System. Photographs of
the equipment are given in Figures 40 and 41. The system consists of a

power supply which supplies electrical current to the eloectrostatic sprav sun.
The output current is negative polarity direct current and 1s ajustable from
0 to 90 kiiovolts. The pneumatic control cabinet controls most functions of

56










the clectrostatic hand powdev svsteme Tt procides air to the power suno ! 1
turn on and oft current to the powder bondoun, and air to the powdor omnden
to sprav the powder. Tt includes pressure papes, controls for powder @low,
and controls tor supplving air to svstem components. The clectrostati,
powder handgun applies powder to the parts. It reccives clectrical corrent
from the power supply and transters it te the powder, causing the powder
be attracted to the articie being spraved.  The micro feed povder sunply Q-

used when spraving small quantitics of powders. N miniature combingtion

venturi air pump and vitrator sunplics aoconstant, unitorm plow o oendor
from the supply cup te the cune An o oir contro! knebh on the cup reenlates
delivery rate of powder te cun. fhe oleotrostatic air cable interoenned s

the control cabinct, powdor supple, and cowder handaun.,

Through initial evaluation and discussions with DeVilbiss it was deter-
mined that the powder sprav svstem was limited by design to a maximum pressure
of 50 psi. Therefore, we could not evaluate this svstem at the desired 60 and
80 psi spray pressure, thus, pressures of 30 and 50 psi with a sprav distance
of 1/2 and 1 inch were used.

DeVilbiss also provided a MBC sprav gun with a pressure feed cup and a
MGB spray gun with a suction feed cup. During initial evaluation it became
evident that the suction feed was inadequate to provide a continuous flow of
powder and thus it was eliminated from consideration. All evaluation of the
MBC spray gun and pressure feed cup was done using a MBU-444-FX fluid ne.dle
and an AV-15-FX tip which has an opening of 0.042 inch, Howi v the con-
clusion of the program a MBC-496-C fluid needle and AV-H41-AC tip which has an
opening of 0.110 inch was cvaluated. Thoere scems o e one < onidoant
change in the sensitivity of encapsulated penetrants duec to the Jdifferent
tips; however, the frequent clogping that was experienced with the =mall tip
size is significantly reduced when using the larger size.

3.1.4 Statistical Results

Having identified the capsule and sprav parameters to be evaluated, the
spray equipment to be used and the statistical experiment design, the next
task was to conduct the experiment and evaluate results. As mentioned before
the two level fractional factorial experiment was conducted three separate
times. First, for the EHP-603 powder sprav svstem, seccoadlv, for the MBC
spray gun and pressure feed cup using a spray distance of 2 and 4 inches,
lastly, the MBC spray gun and pressure feed cup with a sprav distance ot 1/0
and 1 inch was evaluated. To compare results between cach svstem additional
spraying was done using the preferred parameters of cach svstem as itdentified
by the fractional factorial experiment and statisticallv comparing the three
systems.

EHP-603 Powder Spray System - Results of the two-level fractional experi-
ment are given in terms of percentages representing the contribution that cach
factor had on the total sensitivity of the process. Percentages less than
three are not considered statistically significant., For the EHP-603 svstem
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the main factors were:  20-40 micron capsule diameter constituting 87,87 ot
the total sensitivity, thin wall contributed 3.85% ) cncapsulated ZL3DA pene-
trant had a percentage of 3.15%, and 50 psi pressure was slightlyv botrer than
30 psi with 3.00%. All other factors were not statisticallv significant;
however, it would be most advantageous from an applications standpoint to use

a large sprav pattern and minimum sprav time. This facilitates subsequent ox-
cess penetrant removal bv minimizing the amount of penetrant on the surface ot
the part.

Pressure Feed Svstem at 2 - 4 lInches — The significant factors identi-
fied for this svstem were: 20-40 micron capsule diameter was the main contri-
butor with 85.8% and a direct spray, as opposed to spraving at a &5 el
contributing 8.3%. None of the remaining factors proved to be statistically
significant. As with the EHP-603 svstem it would be most advantapeous to
maximize the sprav area and minimize the spray time.

Pressure Feed System at 1/2 = 1 Inch = As with the provions two svs cms
the one most i1mportant factor in determining the sensitivity of the proce: -
was the capsule diameter with the 20-40 micron capsules contributing %4.97 o1

the total sensitivitv. Although the large diam ter capsules are still sionii— _

1cantly better than those having a small diamet r the drfference 1s aot oas
great as it was with the greater sprav distance . The only other <ienifioant
factor in this system was that a sprav distance of one-halt inch contribut ins
3.3% was better than one inch. This mayv bave bien caused by an increased
sensitivity of the small diameter capsules at one-half inch.

Comparison of the Th-ve Svstems - Using the proferred parameters as idon-
tified above for each svstem, two soparate Lest were codin fov oo
systems and statistically compared. Results of these tests are given in Tahl.
4. The ENP-603 system missed a total of four difects and when compared with
the MBC system at two inches the total leongth o indications was redoced by
6%. Both of these factors are significant and thus led to the conclnsions
that the sensitivity of the EHP-603 svstem is loss than for the MBC wvsten.
Roth MBC systems found the same number of defects and to total lenethe o
indications were comparable. At one half inch the length of indications was
approximately 17 less than at two inches. This, however, 1s not sianificant
and thus no statistical difference can be seen between these two svstems.,

3.2 RECOVERY AND REUSE

One of tie most attractive potential benefits of an encapsulated pone-
trant system sas the possibility of recovering and reusing almost 10070 ot
the overspray. FEffort to 1dentify a method of recovering and reusing encap-
sulated penetrants concentrated on two fronts. A simple laboratory tvpe sprav
enclosure was constructed that would allow inve:tigation of the properties of
the post-spraved en-apsulated penetrants and ale<o allow recoverv tor rease in
this program. A photograph of a typical sprav application using this enclo-
sure is shown in Figure 42. The second effort was an industrv scarch ot
potential and/or available means of recovering and reprocessing powders in the
size range of interest.
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Table 4. Sensitivity Comparison of Systems,

EHP-603 MBC SYSTEM MBC SYSTEM
PART SYSTEM @ 2 INCHES @ 1/2 INCH ;
S/N Run #1 Run #2 Run #1 Run #2 Run #1 Run 72 ‘
4 .030 .030 .030 .030 .030 .030
5 .020 .020 .020 .020 .020 . 020
1 .250 .250 . 300 .280 .280 .280
3 .020 .020 .020 .020 .020 .020
.0L5 .045 045 LOL5 LOLS LOhS
12 1.000 1.000 1.000 1.000 1.000 1.000
.650 .650 .700 .700 650 . 650
10 .250 250 . 300 . 300 <300 . 280 !
14 400 400 OO0 A L00 e
400 400 e k00— IE00 LA0o ]
15 __.  —200 .2 .200 L 20K . 200 . 200
- - . 060 04T 045 L0475 {
- - 045 <030 030 030
.250 .225 . 260 .260 .250 . 250 |
Lho 400 450 460 L&60 RANY
. 300 . 300 . 300 . 300 . 300 « 300
.200 . 200 . 200 .200 . 200 . 200
16 045 .05 LOL5 045 045 LOh5
.020 .020 .030 .030 .020 .020 :
.020 .020 .020 .020 .030 .030
.010 .010 .010 .010 .010 .010
.030 .030 .030 .030 .O45 045
17 .020 .020 .030 .030 .030 .030
.0L45 .OLs5 .045 045 .045 L0h5
.015 .020 .020 .020 .020 .020
.020 .020 .030 .030 .030 L030
.200 . 200 .220 .220 .220 . 200
7 .800 .800 .800 .800 .800 .780
18 .250 .250 .250 250 .250 . 250

3.2.1 1laboratory Findings

It became apparent eariy in the program that encapsula ed penetrants
would hive to be treated before they could be respraved. Post-spraved
capsule; tend»d to agglomerate significantly reducing their flowabilitv and
making respraying difficult. Part of this is caused by electrostatic attrac-
tion between capsules. This is easily alleviated by the addition of an anti-
static agent Lo the sprayed capsules. Furthernore, at initial manutacture
the capsules can be anti-statically treated whi-h would min'mize this attrac-
tion between capsules., Investigation also revealed that approximatelv 1% or
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less of the capsules were breaking during the spraying process. This releas-d
oil mixed with the dry capsules causing the formation of aggregates. Before
reuse this free oil needed to be removed from the system.

3.2.2 Capsulate Treatment Method

Samples of the post-sprayed capsules were ;ubmitted to the encapsulating
manufacturers for ¢valuation of reconditioning methods. The following methods
were identified. 7he first method involved sirply adding a small amount of
silica to the capsules. Silica absorbs the locse oil and the resulting
capsules display very good flow characteristic:. Before this method could be ——————"
used certain aspects would have to be evaluatec. The minimum amount of silica
that should be added to make the flowability of the capsules acceptable, the
effect the additional silica has on the sensitivity of the process, and the
number of times cajsules can be treated in this manner are questions which
were beyond the sccpe of this program that shoild be addressed in subsequent
effort.

The :econd method, although more involved than the jne just described,
may have :he advantage of not reducing the life¢ of the penetrants to the
degree of the first method. Again, this is an aspect that needs further
investigation. 7This method involves (1) washing the capsul:s with Freon TF to
remove the free oil caused by ruptured capsules, (2) drying the capsules, (3)
blending in a small amount of fused silica and an antistatic agent, and (4)
dry sieving the capsules.

3.2.3 Production Type Recovery System

Industry seirch of powsder recovery methods revealed that there are pre-
sently available¢ complete closed loop systems f r recovering, reconditioning,
and respraying jowders. TIllustrated in Figure 43 is a schematic of a tvpical
system offered Ly the DeVilbiss Company. The powder is applied in a spray
booth with the overspray powder being exhausted to a collector, the povder
then gres through a sieve and separator which 1 :jects any large or foreign
particl2s. New and used powder is introiuced t) the powder conditlioning tank
which in existing systems removes any moisture from the nowder and makes it
fluffy. For :ncapsulated penetrants, this powder condit oning subsvstem
might have to include a w:shing, drying, and si‘'ving ope-ation. From the
powder conditioning tank, the powder is transfe ‘red to a powder feed ti:nk and
resprayed. An estimate of the recovery capabil ty of such 1 system is between !
95-987% of the overspray.

3.3 PILOT LOT PRODVCTION

As a result of the application technique esaluation de:cribed in section
3.1, a-ceptable cajiule parameters were identified. With this information, a
pilot iot producticn of encapsulated penetrant was ordered. The purpose of
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this pilot lot production was to demonstrate that the encapsulating process
could produce a consistent material and to provide sufficient material for
later production mode line testing.

The pilot lot material specified consisted of ZL30A in 20-40 micron
capsule diameter with a thick wall. Capsule wall thickness of this material
was slightly greater than for previous material, this also made the capsules

more rigid and thus more prone to rupture. Capsule breakage was increased
p——————————with this formulation. Originally it was thought that a thicker wall would
produce a stronger capsule; however, it now appears that the best capsule

configuration may be a compromise between the thickness and flexibility of

the wall.
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4.0  REMOVAL AND DEVELOPER TECHNIQULES

4.1 EVALUATL REMOVAL TECHNIQUES

Although the encapsulated penetrant system uses a dry material, sone
particles do adhere to the suriface of parts and create an objectlonable baor-
ground fluorescence. This excess material mst be removed In order Co o=
duce an acceptable surface for inspection. It was originally ant tcipated
that this excess material would be loosely hLeld on the surtace ot i part
and easily removed by blowing, brushing, or vacuum. However, 1t became ovi-
dent after initiation of penetrant application that there was a strong adhier-
ence of the particles to the surface of the part. This 1s due to seversi
factors. Some capsules will acgquire a static charge as they exit tne ,oin and
thus be attricted to the part. At the high application pressure there 1o o
compacting of capsules on the surface of the part. (At the lower presoor.
this effect was signiticantly reduced). A small percentoge ot the capaois
will burst on impact with the surface of the part and release oil. Thie 1o
o1l must then be removed from the surface of the part.

Various methods were evaluated to determine the most etteciine rer v
procedure. Brushing with cither a sott or stitt brush or wipins with o 1.
cloth removed most of the particles that were intact, but lett o noan .
escent background which was unacceptable. Blowing with boghe e aire ot
psi) also failed to signitficantly reduce the fluorescent baceetonin, o
with water at approixmately 50 ps1l although better than thie pryviou. fw rue
ods still left a significant amount ot background which was siacoepbeg .
Dipping or wiping with a solvent such as l-1-1 trichloroctnane was gyt
to remove most of the background but lett tluorescent sStreaks on e surtogo.
of the part, but more significantly reduced the sensitivity of toe proce oo
removing penetrant from seme of the capsules In discontinuit 1on.  wipan,
part with a water moistened cloth, although somewiat ditraonlt ot reas o
a significant amount ot pressure, would adequately clean parts naving e i

to fine surface finishes; however, results on parts with roughc ~arlace Wt
poor. Sprayinyg with a 5% solution of ZKIOA cmulsitier and water ot at-ne 5o
did a very good job of adequately removing the cxcess penctrant.  srosoiig ot
wiping with a mild detergent solution cqually eifcetive in o ciirin oy

background fluores:ence, This was very simple to do and requived very it
pressure. Most detergents would seem to do an adequate job.  Those cvaloaten
included a 5% solution ot ZRI0A emulsitier and a 1k or less solution o coah

Gentle Fels and Ivory dish washing liquids.

Certain things can be done to tacilitate excess penetrant removal,  dioae
include minimizing the spray time to reduce the number ot capsules that e
left on the surface, treating the capsules with an antaistat e aygent to bedp
reduce electrostatic attroction, and designing capsules that wonld be Jeos
susceptible to rupture.

36y




4.2  EVALUATE DEVELOPER TECHNIQUES

Developers are employed in the conventional penetrant process to draw
penetrant from indications so that they will fluoresce more brightls whil
still retaining their basic shape and thus be more visible to the 1nspector,

A developer i1s required to improve visibility of flaws because in the con-
ventional process some ot the penetrant 1s usually removed from the
ing during the emulsification and rinsing procedures. It was inttia
posed that the encapsulated »enetrants would be held at the surtace ot o 1iaw
after application and would not be as easily removed during the cacess oo
trant removal process. This should reduce the need tor the use o1l aeveloper.
However, 1t became apparent during sensitivity measurcments that developin,
would be required to achieve MIL-1-25135 Group VI sensitivityv.  oowe v 1l
wis not expected that developers would behave in the same wav on vncagabate s
pencetrants as they do with liquid penetrants. For example, dry aevelo ors

law ST
Pl o

would be expected to display poor sensitivity since thev rolv on treo ol ot
"wick" the penetrant trom the discontinuities.

Several developtag techniques were evaluated to deterimne wiono o w0 e
most eftective tn achieving the required sensitivity.  Photospaplbe ot e
and coarsce=cracked chrome panel with b=-100 developer on one balt oo 0oy
candidate developers on the other side are ancladed 1o rvoures v tar a0 e

D=1 developer wis used as g standard throuphont the joosram,

The haypiest seasttavity was achteved waoth the e o0 Godie o o0 we it
velopesos Cihiese were used inoderosol o cans whiteh e rean b avania b ter ooy
Lo ova tous vendor s, oas can be o secen trom Che phiotorranis U st ivit :

L]

Sherwia's bubl-thek b=-100, Turco's Fluro-cCheck NAD, Macnatlox's spoton on ony
HWA, and Presco's Davye are equivalent.  Subscquent sensitivity meiasnr o ot
showed that these sensttavities were equal to o a JAlb=T-U01 5 Grong VI
trant svstem.  The ouly nonaqueons wet developer evabaated that v oo 1
plav pood sensitivity was Met-L-Chek D=700 0 Nonaqueons woel developers g oo
ety work well on encapsalated penctrant because tice colvent whaon oo b o
devetopers b suspension can crther penetrate the capsale walls ooa Ve

the penetrant trom the capsuales or the solvents mav o acteatls broaes wn o
capsule wall and release the ovl. The developer partoole s on the ot

then "wick'” the ol from the drscontinuit 1es.

Maynatlax's oPalb dry developer, adtnonyh 0t drd e rove tie oot
ot the encapsulated penctrants, wies not s pood as The onagean el

opers and not o ceqgurvalent tooa ML= 0508 cronp VD penctrant o soater s .

veldopers have o Limated o tectiveness with o enioape ciale g poonet tan?
ot thee apsules will o raptore as thew Bt e toach e sy N
releane the ale T s this tree Ligqurd penetrant whitoh e w0 0
tingt o that toe dry developer rs branying to Doe can s

e ase ot aolvents alone proved Lo beo very poer aove Lo T
seectrant trom the capsales was hroupnt to toe cortare e ant e apate o0
et rant o was cne Pl et e ot e pant b reow ot BT T AP
[T I T Y OR PN DPES FURE AU B PRI R R S TR T T N O N E XA ST S PP UR T S NI

an the st e ol thee part o leaveny very poaor o andaoat e
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developers hat o provide Lo Tequired e as 1oLl T

At

i N owel beve Joners, “\\Wt".’r‘l', there stould e polent PaloLae e

catoate wall tnat wonla pe sortened by other solvents, su it as wot

ood clomnate tne need tor nondqueous wet developers., 1t s

that an clectronte sensor might be used Lo scan the part To ine:;
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ovvloper wonld be required becduse of oan increased sens Livite oeer L
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5.0 PROCESS DEMONSTKATION

;
I
Yol SeuPk
he purpose ot this phase ot evaluation was to dewonstrale o coavent i,
MEL=1=2013% Group Vi liquia penetrant svstem and an egoivalont ensitvits oo
capsulated penctrant system runoa samulated prodaction Line modes From i
demonstrat ton part (nroughput and cconomics ol cach svstem wonld beoer trratea,
l hree svatems were compared; an automatlc ligquli penclrant sestem such as Lo
5 been proposed tor the IBIS "Aautomatic rluorescent Penetrant Processine bl
; (AFPPEF); an automatic encapsulated penctrant svstem; and o vainoal Toganag pone -
trant process such as 1s presently used gt the dar Logistios Centers (aja ),
addittonally 1o this phase ot evaluation the environmental tmpact ol using «n-
capsulated penetrants was assessed.,
4
! 5.2 MANUAL LIUULD PROCESS |
‘ Presentiy tiee P hnorescent penctrant procedure ssed b the ot Lor st
centers nvolves asing g Ligonid penetrant an conjunc 1oa witis a bipopiorla. !
coalsitier. In thos svsten thie Tiquid penctrant i applied te a part or b -
vel o parte by ather dapping or spraving.  Atter g 30 minates dwell time o
witich tne ercess penctrant 1s allowed to dratn ottt tue part and back into ti.
tank, the part o~ completely submerved n the lipophr e combsit e temonv
and allowed to dwell tor thirty to ninety seconds.  The part s tien rin sed %
and checyod noder o black Tight to assure that any excessive Pluorescent boon-
sround nas been removed, Fnllnwing this, tihe part s submerped 10, o1 = prav.
with, ¢ water-soluble developer and placed 1noan oven Co deve wiien e art
i comp letely dryv ot 1s ready tor tnspection 1 a dareened oo witt g biace
light.
This process regquires a relativelv o small mmitial anve: tonent . dowovo
there are disadvant ages Lo thiis svstem. The [ipophin Tic emuls i ter mixes v
castly with the peetrant and thus the emolsytrer dwell frme needs too o0 care-
tullv monttored to dassure proper sensitivity.,  Riosing abter emlsitiogt o
also needs to be coretully controlled as over wasnaing does redoce the o -
Livity ot the proce.s. A lipophilie emedeitier as o relatively thioe ool e
4 constiderable anonnt is dragped oul when the jart I8 temoved. Moo loor tooae
1s tost in the rinsing operation, thus wmoking tae emulsit ter cost relative
hiygh, ]
5.3  AULTOMAT I
The proposed "Automatic Fluorescent Penctrant frocesstoa Facrlyed™ cakped)
15 a fullv antorated, programmable svsten consaistan, of the tollowrng o sta- 1

tions. At a load station, andividual parts waill be laced an trxtures o
proups ot parts an baskets and sobsequent iy Doaded pato the convevor sove e,
The tluorescrnt penetrant application station will civctrostatically prav o




penctrant o the parts. PFollowing penetrant aplication the parts will enter
the tluoredcent penetrant dwell station where the penctrant i1s allowed to
dwel!l on the parts for o minimum of 30 minutes. Thin is tollowed by the pre-
rinde station where most of the excess penetrant 1s removed from the surtface
ot the parts. This being accomplished the parts then proceed to the hydro-
philic remover station where they are continuously sprayed or submerged in an
agitated solution tor a maximum of 90 seconds. The solution can range trom a
minimum of 3% concentration of remover to a maximum ot 50% depending on system
requirements. After the appropriate emulsification time the parts are again
rinsed to remove the emulsifier. 1If the parts are to receive a water soluble
developer they then proceed to the wet developer station followed by the dryer
station. However, if dry developer is to be applied to the parts the wet de-
veloper station is bypassed and the parts go to the dryer station fcllowed by
the dry developer station where the developer 1s electrostatically applied.
Finally, the parts are unloaded and are inspected.

A significant advantage of such a system is the greatly increased part
throughput. Further, human errors are eliminated thus lincreasing the overall
consistency of the process. Initial equipment cost including computer hard-
ware and software is relatively high for such a system.

5.4 AUTOMATED ENCAPSULATED PENETRANT PROCESS

Encapsulated penetrants would be most efficiently utilized in a com-
pletely automated system. In such a system, the parts would be individually
loaded on a fixture 1n an automated, programmable conveyor. Processing of
parts 1in groups, such as in baskets, is not believed to be feasible since all
surfaces of the part need to be accessible. Penetrant application is accom-
plished by spraying the capsule on to the part at high pressures (60-80 psi)
at a short distance (4 inches maximum). The parts and/or nozzle may need to
be manipulated such that all surfaces of the parts are exposed to a direct
spray. Part of the penetrant application station would be the powder re-
covery, reconditioning, and reuse system described 1n Section 3.2.3. Excess
penetrant removal may be accomplished by automatic brushing, wiping, or sprav-
ing with a light detergent solution followed by a post-rinse to remove the
detergent. The parts would then be dried and a nonaqueous wet developer ap-
plied. A nonaqueous wet developer is presently necessary to attain the re-
quired MIL-I1-25135 Group VI sensitivity. Parts are then unloaded and in-
spected.

As with the automated liquid process the main advantages of this svstem
are an increased part throughput and the reduction of human error. The en-
capsulated penetrant system also has the added advantage ot eliminating the
30 minutes dwell time. Based on present knowledge, the main disadvantage ot
such a system would be 1inability to process parts with complicated geometry,
the need to individually manipulate the parts, and the necd (o use nonagqueous
wet developers. The cost of such a system should be similar to an automated
convent ional penetrant system.
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5.9 LKCONOMIC ANALYSIS

5.9.1 Ausumptiuns

kconomic evaluation of the above three systems was divided into three
parts; material cost, labor cost, and equipment cost. A TF-39 Stage 6 com-
pressor blade and TF-39 Stage 1 high pressure turbine blade were used to de-
termine average spray time and usage rate. These blades were chosen since
they represent ulfferent geometric complexitiles, the compressor blade being
relatively simple, and an average size. For the automated systems the pene-
trant applicatlion time was assumed to have the longest lead time and thus be-
came the limiting item determining part throughput. The required performance
of the AFPPF was used in determining spray time and thus part throughput.
It was assumed that with sufficient spray nozzles and part manipulation part
throughput for the automated encapsulated penetrant svstem can be made the
same as for the conventional liquid penetrant system. Part throughput for
the manual liguid penetrant system 1s the average throughput being experi-
vnced at the Alr Logistic Centers. Cost of liquid penetrant, emulsitier, and
developer 1s the current price for bulk purchases of these materials. Assumed
cost of encapsulated penetrants 1s the lowest cost currently quoted by the
supplier for production quantities (1000 lb or more) ot a MIL-1-25135 Group VI
liquid penetrant. In the automatic liquid penetrant system both the penctramt
and developer are assumed to be electrostatically applied.

5.5.2 Equipment Costs

Present estimates are that the initial cost of equlipment tor both the
automated liquid and encapsulated penetrant systems will be equivalent. The
savings that the encapsulated penetrant method realizes by the elimination ot
certain stations, such as penetrant dwell and prerinse, are otfset by the
higher cost of the penetrant application, recovery, and reuse station. 1t
ts assumed that the computer hardware and software would be equivalent tor
both systems. Approximate equipment cost tor eilther system 1s in the range
of $400,000 to $500,000. Since no computer or special conveyor i1s required
tor the manual liquid system, the initial equipment cost 1s signiticantly re-
duced. Present estimates ot the cost of such a tvpical system 1s approxi-
mately $60,000.

5.5.3 Material Costs

5.5.3.1 Penetrant

5.5.3.1.1 Manual Liquid System

Penetrant 1is applied by dipping or by spraying but electrostatic applica-
tion is not used.

Average material usage - (0.0017 gal/part (measured)

Cost of ZL30A - $20.24/gallon (55 gallon drum)
Cost of penetrant - $0.034/part
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5.5.3.1.2 Automatic Liquid System

It is assumed that no penetrant will be recovered for subsequent reuse.

Flow rate - 0.027 gal/minute (manufacturer data)
Average spray time - 2.4 seconds

Number of spray nozzles - 2

Amount material required - 0.0022 gal/part

Cost of ZL30A - $20.24/gallon (55 gallon drum)
Cost of penetrant - $0.045/part

5.5.3.1.3 Automatic Encapsulated System

It is assumed that 96% of the capsules are recovered.

Flow rate - 0.07 oz/second (measured)

Average spray time - 2.4 seconds

Number of spray nozzles - 4

Amount material required - 0.672 oz/part
Material lost (assume 4%) - 0.0269 oz/part
Cost of encapsulated ZL30A - $18.66/1b.

Cost of encapsulated penetrants - $0.031/part

5.5.3.2 Remover

5.5.3.2.1 Manual Liquid System

Average usage rate - 0.0005 gallon/part (measured)
Cost of ZE4A Emulsifier - $10.31/gallon (55 gallon drum)
Cost of emulsifier - $0.0052/part

5.5.3.2.2 Automated Liquid System

Average usage rate - 0.0003 gallon/part (measured)
Cost of ZKIDA Remover - $9.09/gallon (55 gallon drum)
Cost of 20% dilution - $l.82/gallon

Cost of remover - $0.00055/part

5.9.3.2.3% Automatic Encapsulated Svstem

Average usage rate - 4.0 fl oz/part

Cost of deterpent - $8.04/gallon (5 gallon drum)
Cost atter 0.2% dilution - $0.0l6/gallon

Cost of detergent - $0.0005/part
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5.5.3.3 Developer

5.5.3.3.1 Manual Liquid System

Average usage rate ~ 0.0005 gallon/part (measured)

Cost of ZP13A water soluble developer - $1.15/1b (100 lb lots)
Dilute 1 1lb powder with 1 gallon water

Cost of water soluble developer - $0.00058/part

5.5.3.3.2 Automatic Liquid System

Average usage rate - 0.1 gram/part (measured)

~ 0.00022 lb/part
Cost of ZP4B dry developer - $2.55/1b (25 1b bags)
Cost of dry developer - $0.00056/part

5.5.3.3.3 Automatic Encapsulated System

Flow rate — 8 fl oz/min. (manufacturer data)

Average spray time - 2 seconds (measured)

Number of spray nozzles - 2

Amount material required - 0.00416 gal/part

Cost of D499C nonaqueous wet developer - $20.00/pallon
Cost of developer - $0.0832/part

5.5.4 Labor Costs
Iln evaluating labor costs the hourly rate is that presently used at ALC's.
Part throughput - 1.15 parts/minute

Hourly rate - $11.64/hr
Labor cost - $0.168/part

5.5.4.1 Automatic Liquid System

Part throughput - 25 parts/minute
Heurly rate - S11.64 hr
Labor cost - $0.0078/part

5.5.4.2 Automatic Encapsulated System

Part throughput - 25 parts/minute
Hourly rate - $il.64/hr
Labor cost - $0.0078/part



5.5.5 Summary

The table below summarizes the labor and material per part cost tor the
three systems:

{
Manual Automated Automated
Liquid  Liquid  kncapsulated
Labor $O.168 $0.007b 0.0V 8
Penetrant $0.034 SU.045 S0.031
Remover $0.0052 $U.0UU055 SU.000H
Developer S0.,00058 $0.00056 SO.0832
Total $0.2078 50.053Y SULL1270
As can be seen the automatic liquid penetrant system would be the most cost
effective followed by encapsulated penetrants and finally the manual liquid
system.  The cost of the encapsulated penetrants was based on encapsulated ]
ZL30A; other dve soluticns have been successtully cncapsulated with the re- 3
sulting cost belng approximately 357 lower. Encapsulation manutacturers i !
also giving serious consideration to modifving the structure ot the capsuie
wall which will allow the dye penetrant to be released with less costly mate-
rials than conventional nonaqueous wet developers. |
5.6 ENVIRONMENTAL IMPACT
4
General Electric's Industrial Hypiene and Environmental yuality vrean -
zations were asked to evaluate and 1d ntity the potential health and environ-
mental problems of using encapsulated penetrants. Nelther organizdation tore-
saw any problem in approving the use of encapsulated penctrants when used 1n
conjunction with an exhaust and recovery system.  Sionce the encapsulated pene-
trant would be reused, the exhaust and recovery ot the powder would already ]
be an integral part of an encapsulated penetrant svstem.  Some degree ot frec é

spraving (without recovery} would be allowed, such as in using an derosol can,
but due to the relative ease of the capsules to become alrborne 1t would he
necessary to use an exhaust system 1n all instances. bncapsulated penctrants
are no more or less toxic than liquid penetrants thus the same restrictions
apply to both systems.
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6.0 CONCLUSION AND RECOMMENDATIONS

It has been demonstrated that the seasitivity of encapsulated penctrants
is equivalent to a MIL-1-25135 Group VI liquid penetrant system. Application
parameters and techniques for achieving this sensitivity have becn identitied.
Demonstrated advantages of encapsulated penetrants over the conventional
liquid penetrants include a significant reduction of penetrant bleed outl trom
cooling air holes in high pressure turbine blades. This bleed out problem
makes liquid peunetrant inspection ot the area surrounding the holes ditticult.
Liquid penetrants must be completely processed and inspected within a speci-
fied period of time 1n order to achieve their full sensitivity. One ot the
advantages ot encapsulated penetrants 1s that 1t developer 1s not applicd
immediately the parts can be stored for a period of davs or weeks and then
developed with no apparent loss in sensitivity. Another advantage of encapsn-
lated penetrants is the elimination of the thirty minute penctrant dwell time.
Since encapsulated penetrants do not rely on capillary action to cnter the
discontinuities but rather are torced at high pressures into the cracks the
excess surface penetrant can be removed Immediately atter application,

Potential advantages ot encapsulated penetr:ints have also been adent i-
fied.  Further evaluation would be required to demonstrate tfeasibility ot
these applications. Presently liquid penctrants can not be used on certain
plastics because tihe oils attack them. Lncapsulsted penclrants applied as o
drv powder would eliminate this problem.  Further, it capsale breakace does
occur, a fluorescent material that i1s not harmtul to plastics can be cncapsi.-
lated. Liquid penctrants have to be used within a cort.ain temperature range.
At low temperature the capillary action is reduced and the o ls mav not enter
the discontineities and at high temperatures some ol the volatile solvents
in the penetrunts will evaporate thus reducing the tluorescence ol the pene-
trant. Since encansulated penetrants do not rely on captllary action to enter
discontinuities, using them at low temperatores shonld pose no problen, L
oil In th+ encapsniated penctrants is completely coclonod thus oo solvents can
evaporate at high lLemperatures and theretore the tlaorescence of the penctrant
1s not chianyged.

Work pertormed to date andicates several disadvant.apes ot cocapsalated
penetrants over the conventironal brquid process.  As wCutec helore enapsi-
lated penctrants rely on pressure to torce the capsale . inorde the discont -
nuities,  To attarn the reanired sensitivity a refatave by darect sprav must be
applied to all rurtaces ot the part, thus all sartaces ot the part omst have
Line of sipht accesstibility,  This would make patts with complicated veomtry
verv ditficultl or impossible to process,  hven parts with cample peometoy dre
expected to require andividoal manipalation to expooe all artaces to the
sprav. Thi 1s n contrast with lrguid penetrants where Tottle rantpalation
15 required and parts can be processed in proups.  To o achiteve Chee required
sensttivity with the enrrent encapsulated Penelrant provoess G nonagiieon s wel
developer needs to be used. The hagh cost ot thaoe developer o a0 primasy
recson tor the lack ot economice advantape of the present o oaces However

as was statod in Section 9,504 encapsulatyon panutactarers e cvaluat ing

mecns ol elamnating the need for nonaqueous wet dovedogers
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Fresently the encapsulated penetrant process is not a completely dry
process as originally conceilved. Some capsules do break when they impact the
surtface of the part, thus releasing o1l. Dry removal techniques evaluated
were not etfective 1n eliminating background fluorescence, thus a wet removal
me thod needs to be used. Finally, to attain the highest sensitivity, a non-
aqueous wet developer 1s needed. If encapsulated penetrants are to be con-
sidered for use on a production basis the problems and disadvantages identi-
fied need to be evaluated and resolved., This should primarily involve the
eifect of additional encapsulating media and capsule characteristics. DIf-
ferent characteristics can be designed into the capsules which may make them
more flexible, less susceptible to rupture, easier to remove from the curtace,
and eliminate the need for nonaqueous wet developers. Additionally, further
investigation should be performed on the ¢ffcct of capsule reconditioning
methods on the sensitivity of the process and on the limits of tolerance ot
the process parameters.

82

“L).S.Governmaent Printing Office: 1981 797.002/432







